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I. INTRODUCTION

BACKGROUND

Although a significant amount of research has been directed toward the
understanding of the behavior of reinforced concrete structures, there are some
areas in which knowledge is incomplete. One such area is the mathematical
modeling of the response of reinforced concrete structures under a wide variety
of load conditions and ranges. Predicting the response of reinforced concrete
structures loaded beyond the elastic range to collapse is an example of a case
that cannot be adequately modeled. Specific areas that are not well understood
include bond behavior between reinforcing steel and concrete, total multiaxial
behavior of concrete, and strain rate effects on the behavior of concrete.

OBJECTIVE

This investigation was undertaken in an attempt to add to the basic under-
standing of the behavior of reinforced concrete members loaded to collapse.
The specific objective of this research was to provide an elementary but well-
defined data base of the material properties and the response of reinforced
concrete beams subjected to combined flexural, axial, and shear forces. The
resulting data are to be used in the development and verification of reinforced
concrete behavioral models,

SCOPE

The experimental investigation consisted of three main areas of testing:
static testing of reinforced concrete beams, multiaxial testing of plain con-
crete cubes, and displacement-controlled uniaxial tests on concrete cylinders.

The central area was the testing of nine reinforced concrete beams by the
New Mexico Engineering Research Institute (NMERI). Nine hinge-supported rein-
forced concrete beams were tested under displacement control with a propor-
tional axial and symmetrical two-point loading system. The nine beams were
divided into three test series of three beams each. The beams in Series 1
contained shear reinforcement and were loaded monotonically to failure. Those
in Series 2 contained no shear reinforcement and were loaded similarly to the
first series. The Series 3 beams were shear reinforced and were loaded to




failure under cyclic loading. Data from these tests are presented in
Appendix A.

Investigation of the other two areas was conducted by two universities
under contract to NMERI. Multiaxial testing of 102-mm plain concrete cubes
was performed at the University of Colorado. These cubes were cast from the
concrete used for the beam fabrication. The results of this testing are
reported in Appendix B. Displacement-controlled uniaxial compression tests
were performed on 152-mm by 304-mm standard cylinders cast with the beams.
This work was performed at San Diego State University. The results are
reported in Appendix C.

PREVIOUS COMBINED-LOAD BEAM TESTS

The beam testing program reported herein was an extension of a previous
investigation conducted at the Eric H. Yang Civil Engineering Research Facil-
ity (CERF) in 1975 (Ref. 1). The geometry and material properties were the
same in the two programs except for the absence of shear reinforcement in the
present Series 2 beams.

In the previous investigation, 17 simply supported reinforced concrete

beams were tested to collapse under combined flexural, axial, and shear forces.

The beams were loaded laterally through a symmetrical two-point loading system
and axially through the plastic centroid. Loads were applied by a single
hydraulic system designed to provide a constant ratio between axial and
lateral loads for the duration of the test. The two test parameters were
axial-to-lateral-load ratio and shear-span-to-beam-depth ratio. Electrical
measurements of beam behavior included steel strain on the longitudinal rebar,
concrete strain, vertical deflections along the length of the beam, end rota-
tions, and lateral and axial loads. In addition, a photoelastic coating sheet
was bonded to one side of the beams and overlaid with a sheet of Polaroid
film. The experimental results from the beam tests were compared with data
calculated with an analytical behaviorai model developed as part of this
effort. The general beam behavior calculated from the analytical model agreed
well with the measured results, especially in the region up to maximum load.

1. Lane, Golden E., Jr., Behavior of Reinforced Concrete Beams Under Com-
bined Axtal and Lateral Loading, AFWL-TR-76-130, Air Force leapons
Laboratory, Kirtland Air Force Base, New Mexico, May 1977.




nine rectangular reinforced concrete beams.
cast for the test program. One set, however, was used in shakedown tests of

oy

II. BEAM TESTING PROGRAM

The beam testing program consisted of statically testing to collapse
Four sets of three beams each were

the loading apparatus. Table 1 presents the test matrix.

TABLE 1. TEST MATRIX

Concrete | Casting | Beam test

batch date series no. Load type Remarks
1 6/20/80 1 Monotonic to failure Contained shear
reinforcement

Two with and one

2 6/26/80 | Shakedown Used for checking out | without shear
testing apparatus reinforcement
3 7/03/80 2 Monotonic to failure Contained no shear
reinforcement
4 7/09/80 3 Cyclic to failure Contained shear
reinforcement

The duration of the tests varied from 2 to 5 min. A1l beams had the same
span length, cross section, hinged end supports, and point of load application.
However, the Series 2 beams contained no shear reinforcement. The two test
parameters considered were shear reinforcement and type of loading, i.e.,
monotonic or cyclic. Figure 1 shows the general loading scheme for the beams.
The axial-to-lateral-load ratio, P/F, remained constant at approximately 3.2
for the duration of each test.

GEOMETRY

Figure 2 shows the beam specimen geometry. The beam span was 3.82 m
from center to center of the pivoted shafts at the beam ends. Included in the
length are the end reaction devices shown in Figures 2 and 3. Except for the
Tack of shear reinforcement in the Series 2 beams, the cross-sectional prop-
erties and geometry were the same for all specimens. The beams were 381 mm in
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overall depth and 229 mm wide, with a depth from the compressive face of the
concrete to the centroid of the tensile steel of 317 mm. Tensile reinforce-
ment consisted of three No. 6 reinforcing bars (rebar). The beams were con-
sidered to be singly reinforced in spite of the two No. 2 bars at the top of
the beams. These two bars were included to assist in beam fabrication and to

provide a means of making strain measurements in the compression zone.

To facilitate axial load application, the concrete portion of the beams
was terminated at end bearing plates to which the end reaction devices were
bolted. The longitudinal reinforcement was welded to the end bearing plates
to assure adequate anchorage for the bars and to assure development of the
full flexure and shear capacities of the beams. Additional reinforcement was
also welded to the end plates to provide a mechanism for shear transfer between
the concrete and the end supports. Figure 2 shows the detail of the end bear-
ing plates.

REINFORCING STEEL

The principal longitudinal reinforcement, which consisted of three No. 6
bars, had a measured yield strength of 427 MPa and conformed to American Soci-
ety for Testing and Materials (ASTM) specification A15-60. All of the steel
was produced from the same heat to insure consistency among the beam specimens.
A typical stress-strain curve is shown in Figure 4.

The stirrups and compression reinforcement were intermediate-grade steel
conforming to ASTM specification A15 with a measured yield strength of 359 MPa.
Although not covered by ASTM specification A305, the No. 2 bars had deforma-
tions similar to those of the No. 6 bars. Figure 5 shows a typical stress-
strain curve for the No. 2 bars,

CONCRETE

The concrete used in the beams and in the other test specimens had a
nominal compressive strength of 35 MPa and was produced with Type I/II port-
land cement and a maximum-size aggregate of 10 mm. The coarse aggregate was a
crushed material of uniform gradation. The fine aggregate was a washed sand

conforming to ASTM specification C-33 and had less than 2 percent by weight
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passing the No. 200 sieve. The fineness modulus of the sand varied from 2.6
to 3.1. The concrete mix is shown below.

Cement 289 kg
Fine aggregate 739 kg
Coarse aggregate (10 mm crushed) 576 kg
Water 175 kg
Admixture

Master Builders Pozzolith 300 N 59 ml

The concrete was mixed in a Daffin mobile concrete mixer which produces
the concrete by a continuous mixing process. The beams and auxillary speci-
mens were cast in four batches. Each batch consisted of three beams, twenty
152-mm by 305-mm cylinders, twenty-four 102-mm cubes, and nine pullout speci-
mens. The beam concrete was compacted with an electric vibrator probe. The
other specimens were compacted by rodding., All specimens were cured under
polyethylene plastic sheets. Results of tests on the concrete control cylin-

ders are presented in Table 2.

INSTRUMENTATION

Instrumentation for all of the beams was generally similar. The main
exception was the absence of stirrup strains for the Series 2 beams. Measure-
ments made included vertical deflection along the beam, vertical and horizon-
tal deflections at the support shafts, steel and concrete strain at various :
locations, rotation at the beam ends, and lateral and horizontal loads. '

Displacement--Figure 6 shows the layout of the measurement stations and
the location of displacement measurements. Vertical deflection measurements
were made at seven locations along the beam (stations 0, 2, 3, 4, 5, 6, and 8). :
The measurements were made with Celsco linear potentiometers connected to the
back of the beams at middepth. The same type of potentiometers were used to ‘
measure the horizontal movement of the end supports. Figure 7 shows the ]
potentiometer attached to a beam.

Strain--Strain measurement locations are shown in Figure 8. Steel strain .\i
in the longitudinal tensile reinforcement was measured at stations 2 through
6. The measurements were made on the middle reinforcing bar. Strain measure-
ments on the two compression steel bars were also taken at stations 2 through

n




TABLE 2. BEAM TEST CONCRETE STRENGTH DATA
a b Split
Test Test Age at | Cylinder”| Beam~ | cylindcr
Batch no. date testing, test, test, test,
days MPa MPa MPa
1
Series 1
Cast 6/20/80 1-1 | 10/16/80 118 37.4 3.59 -—-
7 day - 26.3 MPa | 1-2 | 10/17/80 119 38.2 3.50 -—-
14 day - 32.0 MPa
28 day - 34.6 MPa 1-3 | 10/21/80 123 38.9 3.76 -—--
SDSU® - 34.0 MPa
2
Shakedown
Cast 6/26/80 1 9/23/80 89 36.3 -—- ---
7 day - 27.6 MPa 2 10/07/80 103 37.9 3.21 5.62
14 day - 29.0 MPa
28 day - 34.7 MPa 11/06/80 138 31.9 5.32 3.93
SDSU - 36.1 MPa
¥ |
Series 2
Cast 7/03/80 2-1 | 10/24/80 113 33.0 4.59 -—--
' 7 day - 24.1 MPa | 2-2 | 10/28/80 117 40.3 4.60 4.38
14 day - 29.9 MPa
28 day - 33.5 IPa 2-3 | 10/31/80 120 31.0 5.31 3.66
SDSU - 36.9 MPa ‘
4
Series 3
Cast 7/09/80 3-1 | 11/10/80 124 29.9 4.70 3.96 ‘
7 day - 27.3 MPa | 3-2 | 11/18/80 132 40.6 5.04 4.65
14 day - ---
% 28 day - 34.1 MPa 3-3 | 11/20/80 134 41,2 4,79 3.7%
! SDSU - 34.7 MPa
I b
2152- by 305-mm cylinder; average of three cylinders.
bys5o. by 152- by 533-mm beam; modulus of rupture. T\{

CTests at San Diego State University; average of six cylinders.
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6. At station 4, the beam centerline, a strain gage was mounted on each bar.
At the remaining stations, the measurements were taken on alternate sides of
the beam. Vertical and transverse steel strains were taken on stirrups. For
Series 1 and 3, vertical strains were measured on opposite sides of the beams
at stations 2 through 6, and transverse strains were made alternately at the
top and bottom of the beams at stations 2 through 6. For Series 2, which had
no shear reinforcement in the shear span, vertical and transverse strains were
made at stations 3, 4, and 5. Measurements were made with 350-3, epoxy-backed,
foil strain gages which had a 13-mm gage length and a gage factor of 2.125.

Concrete strains were measured near the top and at the middle of the beams
at stations 2 through 6. These strains were measured with epoxy-encapsulated,
120-%:, embedded strain gages with a 30-mm gage length and a gage factor of
2.10.

Rotation--Rotation measurements were made at both ends of the beams with-
gages specially fabricated by NMERI. The rotation gages consisted of a pendu-
lum suspended from the paddle portion of a DX-type velocity gage. The rota-
tion of the pendulum relative to the gage body was measured by the variable
inductance transducer of the velocity gage.

Load--Load measurements were made at the vertical ram providing the lat-
eral load and at the two horizonta) rams providing the axial load. These
measurements were made with load cells fabricated and calibrated by NMERI.
In-Tine hydraulic pressure was also monitored.

DATA ACQUISITION

The data were recorded, stored, and plotted on a Hewlett-Packard model
3052 data acquisition system. The voltage output from the system's digital
multimeter was recorded on a floppy disk. The sampling rate was approximately
two samples per second for every channel. The same system was used to reduce
and plot the data.

TEST APPARATUS

Figure 9 shows a schematic drawing of the load application system. The
loading device used in this investigation was the same tes: frame used in the
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previous beam testing program reported in Reference 1. It was also the same
frame used by Crist (Ref. 2) in a reinforced concrete deep beam study. The
frame was modified to accommodate axial load application. Figure 10 shows

the modified test frame which consisted of an upper portion that provided
reaction for the lateral load and a lower portion that provided the axial load
and support system. The two portions were tied together by five vertical
structural T-sections.

Lateral load was applied by a 377-kN-capacity hydraulic ram with a 300-mm
stroke. Axial load was applied by two 890-kN-capacity double-acting rams
with 600-mm strokes, mounted in a horizontal position. A single hydraulic
system was used to activate the rams to insure a constant P/F ratio throughout
each test. The hydraulic system had d capacity of 21 MPa.

The total lateral load was divided into a two-point load by a steel dis-
tribution beam which imparted force to the beams through 64-mm-diameter rollers
and 102- by 229- by 19-mm steel bearing plates. One end of the distribution
beam was free to translate and rotate wnile the other end was only free to
rotate. The bearing plates were seated to the beams with a thin layer of high-
strength gypsum compound. The length of the shear span was established by the
position of the lateral loads.

Axial load was applied to the beams with the two horizontal rams in ten-
sion; this resulted in compression on the beam because of the pivoting of the
vertical reaction arms (Figs. 3 and 9). The P/F ratio was defined by the
pull-point position of the rams on the reaction arms. To adjust the P/F ratio,
the connection point of the tension rams to the pivot arm could be changed.

The hinged condition at the ends of the beams was insured by transmitting the
axial Toad through self-aligning, roller-bearing pillow blocks and 102-mm-
diameter steel shafts. The axial force was applied through the plastic cen-
troid of the beam cross section. The plastic centroid of a section, as defined
by the 1977 ACI Building Code (Ref. 3), is the centroid of resistance to load

2. Crist, R. A., Shear Behavior of Deep Reinforced Concrete Beams, Vol. II:
Static Tests, AFWL-TR-67-61, Air Force lleapons Laboratory, Kirtland Air
Force Base, New Mexico, October 1367.

3. Butlding lode Requirements for Reinforced Concrete, ACI (318-77),
American Concrete Institute, Detroit, 'lichigan, 1977.

18




“awed4 1S3l QL a4nbi4

LB ZU e T

RN

(93e(d 3335 pulysq)
Wwed peo| |edaje]

.
*

o0
[ X J

awedy J43ddp

19




~

computed under the assumption that the concrete is uniformly stressed to
failure (fé) and the reinforcing steel is uniformly stressed to yield strength
fl . .

(f})

To insure that the forces measured in the horizontal rams during the tests
could be accurately converted to axial forces in the test beams, a series of
calibration tests was conducted prior to actual beam testing. The calibration
tests consisted of loading a dummy beam axially while measuring the forces in
the hydraulic rams with force links and the axial load in the beam with a load
cell. Under the assumption that all joints in the mechanical linkage between
the horizontal rams and the dummy beam were frictionless, the calculated axial
load in the beam was compared to the load indicated by the load cell. The
agreement between calculated and measured forces in the dummy beam was within
10 percent; however, the corrections derived from the calibration tests were
used to determine axial loads in the beams during the actual tests.

The displacement control feature of the tests was accomplished with a
Datatrak programmer system. This entailed etcning the desired deflection-time
history onto a special metallic paper. The paper was then placed on a drum
that rotated at a rate selected to produce the desired test duration. As the
drum rotated, a servomotor moved a sensor on the paper, keeping it in contact
with the upper surface of the etched program. The servomotor also positioned
the wiper of a set of point potentiometers which provided an electrical ana-
log signal proportional to desired beam dispiacement as a function of time. A ]
linear potentiometer was used to monitor actual beam deflection. The differ-

ence between the actual and the desired potentiometer voltages formed an error
signal. A current proportional to this error signal was supplied to a Moog
servovalve which increased or decreased the pressure on the beam's hydraulic
cylinders as needed to make the error signal zero. The control parameters

for the monotonic tests, Series 1 and 2, were a 152-mm maximum centerline
deflection at approximately 300 s. The displacement-time functions for all
three series are shown in Figure 11. The five control points where the
deflection was to drop off--13, 23, 32, 51, and 102 mm--were selected on the
basis of the load-deflection behavior of the Series 1 beams. The points were
selected to provide unload cycles midway in the linear region, near yield, in
the flat portion of the curve, just into strain-softening, and late into
strain-softening.
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[IT. BEAM TESTING RESULTS

Table 3 presents a summary of the test results. The P/F ratios presented
in Table 3 were calculated from measured loads, which is the reason for the
variation in a parameter that should be constant.

Data from the beam tests are presented in Appendix A. For Series 1 and
2, where possible, data traces for symmetric locations were plotted on the
same graph. Because of the cyclic loading in Series 3, representative plots
of the symmetric measurement locations are presented.

TABLE 3. SUMMARY OF TEST DATA

Concrete | Maximum
Beam test Test Concrete | age at lateral | P/F Failure
designation date strength, [ testing, load, | ratio mode
MPa days kN
1-1 10/16/80 37.4 118 235.7 |3.24 | Flexural tension
1-2 10/17/80 38.2 119 224.0 13.32 | Flexural tension
1-3 10/21/80 38.9 123 222.5 ]3.40 |Flexural tension
2-1 10/24/80 33.0 113 217.3 (3.39 | Shear compression
2-2 10/28/80 40.3 117 205.8 [3.26 | Shear compression
2-3 10/31/80 31.0 120 218.5 13.38 | Shear compression
3-1 11/10/80 29.9 124 237.8 |3.28 |Flexural tension
3-2 11/18/80 40.6 132 231.0 }3.04 |Flexural tension
3-3 11/20/80 41.2 134 228.5 13.11 | Flexural tension

GENERAL BEHAVIOR

The general response of the beams can be illustrated by their load-
centerline deflection curves. Figure 12 shows the idealized load-deflection
curve for the beams. The initial behavior is linear to about 10 percent of
the maximum load. The concrete then cracks, and the curve is again fairly
linear at a reduced stiffness. \lhen the tension reinforcement begins to yield,
the curve becomes very nonlinear and flattens out. llhen the concrete in the
compression zone begins to crush and spall, the beam resistance decreases with
increasing deflection. For beams failing in shear, the behavior is the same
up to the maximum shear resistance of the beam. The shear failure then results
in sudden collapse of the beam. The cyclically loaded beams have the same
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Yielding of tension
Ki; reinforcement

~a—Slope (beam stiffness)

Lateral load

~———Initial cracking of concrete

Centerline deflection

Figure 12. Idealized load-centerline deflection curve.

general behavior as the monotonically Toaded beams except for the addition of
the unioading and reloading hysteretic Toops. The loops also progressively
exhibit a stiffness reduction.

SERIES 1 BEAMS

The Series 1 beams were monotonically loaded to failure under a two-point
lateral load and a proportional axial load. The Series 1 tests were conducted v
to determine the correlation between beams tested under load control and those
tested under deflection control. Figure 13 presents the load-deflection curves
for the three Series 1 beams along with the curve for beams 4-3-1 and 4-3-2
of the load control study (Ref. 1). The calculated curve is also included.

A11 of the beams exhibited the same behavior through the yielding of the
tensile reinforcement and out to the maximum load capacity. The strain soften-
ing portions of the deflection control beams are similar, falling between the
curves for the load control beams.
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Figure 13. Load-centerline deflection, Series 1.

Also compared are the reinforcing steel strain data at the centerline of
beam 4-3-1 (Ref. 1) and beam 1-1., Figures 14 and 15 present the tensile and
compression strain plots, respectively. From the data presented, it appears
there was little difference in the behaviors of the load controlled and the
deflection controlled beams.

The mode of failure of the Series 1 beams was flexural tension; i.e., the
tension reinforcement began yielding prior to crushing of the concrete.
Because of the deflection control, the beams did not suddenly collapse, allow-
ing measurement of the flexural resistance up to the maximum deflection of
150 mm. Because the load duration of the tests was relatively short, the con-
crete cracks were not marked at various load intervals, but were all marked
and photographed at the conclusion of each test. Figure 16 shows the final
crack patterns of all beams.

SERIES 2 BEAMS

These beams contained no web reinforcement in the shear span. The calcu-
lated maximum total lateral load for shear failure, based on the ACI code, was
180 kil. The calculated maximum lateral load for the flexural resistance was
225 kil. Figure 17 presents the load-deflection curves for the Series 2 beams.
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Figure 17, Load-centerline deflection, Series 2.

The general load-deflection behavior of the beams was the same as the Series 1
beams up to yield of the tensile reinforcement. After the tensile reinforce-
ment began to yield, the shear crack became more apparent and widened. ‘!lhen
the crack extended into the compression zone, the beams collapsed. The
deflection control system was not sensitive enough to stop the beam from col-

lapsing. The failure loads were only slightly less than the maximum beam
resistance.

SERIES 3 BEAMS

The Series 3 beams were constructed in the same way as the Series 1 beams.
However, they were loaded under five load-unload cycles. The programmed
deflection-time history is shown in Figure 11. The history was intended to
provide unload cycles at about midway in the linear range, near yield of the
tensile reinforcement, in the flat portion of the curve, just into the strain-
softening region, and late in the strain-softening region. The envelope of tha
load-deflection history generally coincides with the lToad-deflection curves
for the Series 1 beams. The load-deflection curves for the beams are shown in
Figure 18. Two significant aspects of the behavior are the hysteretic loops
and the stiffness degradation at increasing deflection.
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Figure 19 Bresents load-centerline plots of one beam test from each

series. S
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Figure 18. Load-centerline deflection, Series 3.
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IV. BEAM TESTING CONCLUSIONS

Nine reinforced concrete beams were statically tested under combined
axial and lateral load. The beams were laterally loaded by a symmetrical
two-point load. The ratio of axial-to-lateral load was constant throughout
the tests and had a value of approximately 3.2. Deflection control was used
in the loading to failure of the beams. A closed loop system was used to
provide the deflection control for the tests.

The beam tests consisted of three series of three beams each. The geom-
etry and longitudinal reinforcement were the same for all beams. However,
the Series 2 beams contained no web reinforcement inm the shear span. The
Series 1 beams were monotonically loaded to a maximum deflection of 150 mm
with the failure being flexural tension. The Series 2 beams failed in shear-
compression, at a load slightly less than the Series 1 beam. The Series 3
beams were tested under cycles of load-unload with the test being stopped at
a maximum deflection of 150 mm. These beams also failed in flexural tension.

The behavior of the Series 1 beams was very similar to the 4-3-1 and 4-3-2
beams of the previous test program reported in Reference 1. The only differ-
ence in the two test series was the use of deflection control in this study
versus the load control used in the previous study. The similarities in the
behavior of the beams indicate that the loading apparatus was stiff enough
in the previous test not to alter significantly the behavior at initial crush-
ing of the concrete and into the strain-softening region.

The Series 2 beams, designed to fail in shear, exhibited essentially the
same behavior as the Series 1 beams up to just beyond yielding of the tensile
reinforcement. At that point, the beams suddenly collapsed as a result of
shear-compression failure.

The Series 3 beams, which were loaded cyclically, produced the same
envelope load-deflection behavior as the Series 1 beams. The load-unload
cycles can be characterized by a slight amount of hysteretics and a degradation

with increasing deflection.




CONVERSICN FACTCRS FOR U.S. CUSTOMARY
TO METRIC (SI) UNITS OF MEASUREMENTS -

(Symbols of SI units given in parentheses)

To_convert from to Muitiply by
angstrom asters (m) 1.000 000 X E -10
atmosphere (normal) kilo pascal {(kPa) 1.01325 X E #2
bar kilo pascal (kPa) 1.000 000 X € +2
barm mter’ (o) 1.000 000 X £ -28
Sritish therms) unit

(thermochemical) Joule (V) 1.054 350 X E «3
calorie (thermochemical) Joule (J) 4.184 000
¢a) (thermochemical)/cn’ segs Joule/n' (M/m’) 4.188 000 X € -2
curie 9fgs becquerel (GBq)* 3.700 000 X E +)

degree (angle)
degree Fahrenheit
electron volt

erg

erg/second

foot

foot-pound- force
gallon (U.S. liquid)
inch

Jerk

Joule/kilogram S-;Ilg)(udlation

dose adsorde
kilotons
kip (1000 1bf)
kip/ineh’ (ksi)
ktap
ajcron
il
wile (International)
ounce
pound-force (1bf avoirdupois)
pound-force 1nch
pound-faorce/inch
pound-force/foot
pound-force/inch’ (psi)
pound-mass {(1bm avoirdupols)

pound-sass-foot®
(moment of fnertia)

pound-mass/foot’

rad (radistion dose adsorbed)
roentgen

shake

slug

torr (sm Mg, 0° C)

radian (red)
degree kelvin (X)
Joule (J)

Joule (J)

watt (W)

seter (W)

Joule (J)

weter’ (a')
meter (M)

Joule (J)

Gray (&)

terajoules

newton (N)

kilo pascal (kPa)
newton-second/m’ (N-s/m’)
mter (m)

meter (8)

mtter (n)

kilogram (kg)

newton (N)
newton-meter (Nem)
newton/meter (N/m)
kilo pascsl (kPs)

kilo pasca) (kPa)
kilogrem (kg)
kilogram-seter’ (kg-m®)

kilogram/meter’ (kg/m’')
Gray (Qy)*
coulombd/kilogram (C/kg)
tecond ()

kilogram (kg)

kilo pascal (kPa)

1.745 329 X E -2
tx elt,p ¢+ 459.67)/1.8
1.602 19 X E -19
1.000 000 X E -7
1.000 000 x € -7
3.048 000 X E -1
1.355 818
3.785 412 X E -3
2.540 000 X E -2
1.000 000 X £ +9

1.000 000
418

4.448 222 X E +3
5.094 57X E 9
1.000 000 X E +2
1.000 000 X € -6
2.540 000 X E -5
1.609 344 X E 3
2.834 952 X E -2
4048 222

1.129 48 X £ -}
1.751 268 X € +2
4.788 026 X £ -2
6.894 757

4.5% 920 X E -1
4.214 011 X E -2

1.601 846 X E ¢]
1.000 000 X € -2
2.579 760 X E -4
1.000 000 X € -8
1.459 390 X E +1
1.333 22 X E -1

*The becquere] (Bq) s the SI unit of radiocactivity; 1 Bq * 1 event/s.
**The Gray (Gy) 1s the SI unit of adsorbed radiation.

A more complete 1isting of conversions may be found in "Standard for Metric

Practice," ASTM E-380-79, American Society for Testing and Materials.
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APPENDIX A.

BEAM TEST DATA TRACES
Appendix A presents data from the nine beam tests. For Series 1 and 2,
where possible, data traces for symmetric measurement stations are presented
on the same graph. However, because of the cyclic nature of the Series 3 data,
: representative data plots are presented for the various stations.
ment designation system is shown below.

The measure-

l SE-3.0B-L

l

Measurement type Measurement orientation

Measurement station
and location

SE Steel strain B Bottom L Longitudinal
CE Concrete strain T Top V  Vertical
AD Absolute displacement F  Front T Tangential
R Rotation R Rear
M Middle

Sign convention:

Strain: Compression = +
Tension = -
Displacement: Downward = +

SUMMARY OF MEASUREMENTS

Measurement Measurement
designation type Orientation X-coordinate, | Y-coordinate,
mm mm
AD-0.¢-V Displacement | Vertical 0 178
AD-2.0-V 689 203
AD-3.0-V 1299 203
AD-4.0-V 1910 203
AD-5.0-V 2520 203
AD-6.0-V 3130 203
AD-8.0-V v 3820 203
AD-0.0-H v Horizontal 0 178 ;
33
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Measurement Measurement
designation type Orientation X-coordinate, | Y-coordinate,
mm mm
AD-8.0-H Displacement | Horizontal 3820 178
SE-2.0B-L Steel strain | Longitudinal 689 64
SE-3.0B-L 1299 64
SE-4.0B-L 1910 64
SE-5.0B-L 2520 64
SE-6.0B-L 3130 64
SE-2.0TF-L 689 343
SE-3.0TF-L 1299 343
SE-4.0TF-L 1910 343
SE-5.0TF-L 2520 343
SE-6.0TF-L v 3130 343
CE-2.0T-L Concrete 689 343
strain
CE-2.0M-L €39 203
Ce-3.0T-L 1299 343
CE-3.01-L 1299 203
CE-4.07-L 1510 343
CE-4.0M-L 1910 203
CE-5.0T-L 2520 343
CE-5.0M-L 2520 203
CE-6.0T-L 3130 343
CE-6.0M-L v v 3130 203
SE-2.0F-V Steel strain | Vertical 689 203
SE-3.0F-V 1299 203
SE-4.0F-V 1970 203
SE-5.0F-V 2520 203
SE-6.0F-V v 3130 203
SE-2.0B-T Transverse 689 64
SE-3.0B-T 1299 64
SE-4.0T-T 1910 343
SE-5.0T-T 2520 343
SE-6.0T-T v v 3130 343
R-0.0-A Rotation Angular 0 178
R-8.0-A Rotation Angular 3820 178

- -
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Station nos.

0 1

P

270 mm —e——pt————— 419 mm

-— 1.9 m

419 M —e———>—»—270 mm

“+—2 x 610 = 1220 mm —p¢—— 2 x 610 = 1220 m —#

1.9Tm

% X

Py
Lan

3.82m

Measurements:

Stations
Stations
Stations
Statfons

0 and 8, horizontal and vertical displacement.
1 and 7, rotation only.

2 through 6, vertical deflection,
2 through 6, strain.

'; r:—‘r—j':!; F\f‘
_ 2 2 |
S | U | R T
R | O
i L.J,.-I—;* -

— 229 mm —»
Station 2

Station 3

)
|
|

x

A

e § o

T—

A

3
|
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|

—_— =)
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Station 4

e~ _d
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A
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Station 5

Legend
@ longitudinal steel strain
am Vertical or transverse steel strain
A Embedded concrete strain
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APPENDIX B

THE EFFECTS OF MULTIAXIAL COMPRESSIVE
LOADING ON THE RESIDUAL TENSILE STRENGTH
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Note: This appendix is a self-contained document, provided for the
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INTRODUCT 1ON

A test program had been designed by others to verify general
analytical formulation and predliction of the behavior of plain and
reinforced concrete under general stress states, This test program
consisted of tests on a series of reinforced concrete beams, carried out at
the Unijversity of New Mexico, and tests on a number of plain concrete
specimens cast of Identical concrete, carried out at the University of
Colorado, in order to obtain the material parameters required for the
description of the response of the constijtuent plain concrete under multi-
axial stress states. The results from the plain concrete test program ars

described herein.

TEST PROGRAM

This test program Is Intended to dovetail with ear!ler tests (1, 2, 3)
in which a concrete whose strength is similar to that of the concrete used
here was tested in both biaxial and triaxlal compression using a variety of
different stress paths. By duplicating seiected stress paths used in the
previous study, the results of thls test program can be compared to those
of the previous program. This makes avallable a wealth of information

which could not be obtalined from the present test program aione.
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This test program, as wel! 2s a portion of the previous program, was f
performed using & fluld-cushion cublcal test cell designed to apply a
unitorm, homogenous stress state with a minimum of boundary constralnt,

The test cell, described later In this report and In Ref. 4, Is capable of

applying three totally independent princlipal stresses (o4 # Co # c3L

A total of 24 specimens from each of 4 batches of concrete were
available for testing. Originally, four of the specimens from each batch
were to be subjected to biaxlal compression, six tested triaxially, and two
subjected to triaxial load histories which would terminate Iin a biaxlal i
stress state at failure which dupllicated two of the four biaxial tests. ;
Cue to a number of compllications, enumerated elsewhere In this report,
specimens from two of the batches could not be used. With the lcss of half
of the avallable specimens, the last two test types had to be dropped from
the program.

Table 1 summarizes the loadings used. The four biaxial compressicn

tests Include proportlional loadings with stress ratios of 0:3, 1:3, 2:3,
and 3:3 as shown In Figure 1, The ftrilaxial tests consist of hydrostatic
compression to two different levels, which correspond approximately to the
uniaxlal compressive strength and three-quarters of the uniaxial
compressive strength, followed by deviation along three different stress
paths at constant mean stress. These are shown in Figure 2, Path ! is a
triaxial compression in the octahedral plane (constant mean stress), Path 2
is a sImple shear In the octahedral plane, and Path 3 Is a triaxial
extension in the octahedral plane. These stress paths will be referred to
+hroughout this report as TC, SS, and TE, respectively.

Fallure of specimens in the fluld cushion (cubical) test cell leave a

sufficlent portion of the specimen Iintact so that NX-size cores (2-1/8 inch
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diameter) can be obtained from the failed specimens for split-cylinder

tests to determine the residual tensile strength of the concrete following
the compressive load histories in Table 1. The cores are cut into dlsks
which are loaded diametrically to fallure along one of two axes as shown in

Figure 3. By testing disks from the same core In different directions,

Table 1.

Compressive Test Program

TEST LOAD HISTORY
TEST TYPE
NUMBER PART 1 PART 2%
===
%
1 Proportional — = 0/3
%
2 Biaxlal to K 1/3
3 Fallure ' 2/3
4 3/3
5 Triaxial: Path 1
6 Hydrostatic oo = 3.75 ksi Path 2
7 Compression Path 3
8 to o, then Path 1
9 Deviatoric to Og = 5.00 ksi Path 2
10 Fallure Path 3

Note: Three-fold replication of all tests.
* Path 1: A0, = Ag, = -%A0,

Path 2: Ag, = -A0,, 40, =0

Path 3: 40, = Ac, = -%Ac,

[P S S,
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stress-induced anisotrcopy may be detected. Comparison of these splitting
strengths with the strengths of virgln disks cored from untested secimens
will also Indicate the tensile strength reductions caused by previcus

compressive l[ocading.

MULTIAXIAL TEST APPARATUS'

The multiaxlal test apparatus consists of a rigld cubical space frame
and six walls (faces) as shown In Figure 4, The openings in the frame form
six ldentical cavities which, together with the adjolning walls and a
pressure seal arrangement, act as six pressure vessels. The 4-inch cubical
specimen s placed in the central cavity of the space frame and sealed In
by the six walls, which bolt onto the frame. Loads are applied by &
hydraulic pressure system which supplies.silicone fluld to fluld cushions
(membranes) located on the lnner face of each wall. Each set cf opposing
walls is connected to an individual pumping system which regulates the
stress level! on that axis. By means of a series of valves located on a
centrol panel, the pumping systems can be connected together such that any
two axes or all three axes can be controlled by a single pump or the
systems can be separated from each other completely to provide three
independent principal stresses (7 # % # °3). Proximity-type transducers
{probes) are used to measure the deformations in the three principal
directions. The test data Is monitored and.plotted in real time by a
microcomputer so the specimen behavior can be observed while the test is in
progress. This allows the tests to be stopped exactly at failure (the
definition of which Is presented [ater in this report).

T T e s ; . . .
This secticn is rewritten in part from Ref. 4 which inclucdes a more

detailed description of the apparatus.
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The walls of the test apparatus are ccmposed of two parts. The main

frames of the walls serve as the |Ids of the pressure vesseis and Include
the pressure seals and hydraulic fluid ports, One of the two fluid ports
serves as & pressure lnlet and the other as an outlet t0 bleed entrapped
air from the pressure vessels, The probe blocks, which Solf on the insice
face of the walls, serve as bases for the displacement probes.

Detalls of the pressure sealing system are shown [n section In
Figure 5. Two O-ring grooves form the pressure seal between the wall and
the frame. The Inner groove seats an O-ring which seals the pressure
vesse} Yo prevent fluld from escaping ocutside the apparatus. The outer
groove houses the C-ring built into the fluid cushions to prevent fluid
from leaking Into the sample cavity. Because the aluminum faces expand
sideways due to Polisson's effects when fluid pressure is applied in the
cavity between the wall and the specimen, the sealing capacity of this
arrangement lncreases with cell pressure.

A polyurethane pad and a leather pad transmit the fluid pressure from
the membrane to the specimen. They are flexible encugh to follow minor
differentlal distortions on the specimen surface yet provide membrane
support to prevent an extrusion from occurring when a (arge deviator stress
is present between two adjacent pressure vessels., The membrane,
polyurethane pad, and leather pad are shown in Figure 6. The leather pads
are made from 1/4=-inch shoe leather to the approximate speciflcations glven
In Figure7. Leather was chosen because [t Is pervaded by tiny alr cells
which absorb deformations, thereby reducing the Poisson's effects. This
helps tominimize tangential stresses which could be transferred to the
specimen, The hole in the center of the pad Is to prevent interference

between the probes and the specimen, and the 45° bevel along the edges of
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the pad prevent Interference between the leather pads of adjacent pressure
vessels. Because the leather pad Is slightly narrower than the cavity, the
polyurethane pad, which is built up along Its edges, is used to prevent a
membrane extrusion Intc the space between the leather pad and the sides of
the cavity.

The deformatlion measurement system is composed of 18 Bentley-Nevada
proximitor probes (three on each face) and thelr supporting electronics.
Each probe, operating on an Induction principal, measures the width of the
gap between a conductive metal target In contact with the specimen surface
and a coll embedded in Its tip, without requiring physical contact between
itsel f and the specimen. Each probe Is driven by Its own external 18 Vdc
power supply operating at 25 ma. A signal emlitted by the probe Is
reflected by the metal target and returned to the probe. This signal
varies with the distance It travels to the target and back. A data
acquisitlon system, of which the probe drivers are a part, scans through
each of the 18 probe channels and rectifles the returning signals into OC
voltages. These voltage outputs are equated to gap widths by means of a
calibration curve, The calibration curve is stored in the mlcrocomputer
memory and, as the voltage readings are transferred to the computer through
an Intertace with the data acquisition system, they are automatically
transformed into gap widths.

The probe targets are 4-Inch square sheets of 0.012 In, thick brass
shim stock. To reduce the transverse stiffness of these sheets sc they can
conform +o the shape of the deformed specimen surfaces, the targets are cut
In the pattern shown In Figure 8 The dotted circular areas show the

regions at which the proximeter prcbes are aimed. Note that no slits enter
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these regions as they would scatter the signal and cause erroneous
deformation readings.

The proximeter probes are positioned so that the probe arrangement on
each wall is a mirror image of that on the opposing wall. By comparing the
outputs of opposing probes as a test progresses, the deformations of the
specimen- spparatus system are determined., Because the probes are mounted
on the faces, which deform during a test, the deformations of the apparatus
must be subtracted out before the actual specimen deformations can be
found. This Is discussed In detall in the section titled "Box
Calibration” The advantage of using opposing probes to determine
deformations is that rigid body translations are automatically eliminated
from the calculations. In addition, because the three probes on each face
are equldistant from the center of the face and located 120° apart, rigid
body rotations can also be eliminated by averaging the three probe

readings.

SAMPLE PREPARAT ION

Concrete specimens ?6 be used In the cubical test cell are cast in
steal molds wlth Inslde dimensions of 4 Inches square by either 4 inches or
4-1/8 Inches In height. The concrete Is placed without floating or
troweiling In order that concrete remains above the tops of the mold. This
excess concrete Is Cut off using a dlamond=-b]aded masonry saw to ensure a
specimen helght of 4.00 + 0.02 Inches and a completely planar surface.

Because small voids near the surface of the concrete will allow
penetration of the flexible membranes, resulting in the rupture of the

fluid cushion, the central portion of all six faces are sandbla§fed to
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expose these voids. The sandblasted areas are then fllled with a plastic

wood filler material (Durham's Rock Hard Water PuffY) and smoothed out as
much as possible with a 1=-inch putty knife and 5-inch broad knlfe. After
drying for 24 hours, the puttied surfaces are belt-sanded. Any holes
uncovered by the sanding are reputtied and the surfaces are finished with
hand sanding using 400-grit paper. A typical specimen, finished and ready

for testing, Is shown In Figure 9.

CUBICAL CELL CALIBRATICN

An essentlal component of the data reductlion process is the correction
for the deformations of the cubical cell Itself during a test. These
deformations arlse from the reactlon forces to the fluid pressure on the
specimen and the lateral expansion of the cavity which contains the fluld
cushion and are of a comparable order of magnitude as the deformations of
the concrete specimen.

The cubicai cell Is callbrated by applying an incremental,
monotonically=increasing uniaxial stress to an aluminum specimen with known
stress-strain response. Each axis of the cubical cel!l Is loaded separately
as the response differs slightly from axis to axls. The pressure Is
general ly Increased In load steps of 500 ps! up tc the maximum stress which
can be expected during the test program. For this test program, the
maximum expected stress was 15,000 ps! which corresponds to the limiting
stress state | = 15000, , = 3 =0 In the 5000 psi octahedral plane.
Each axis Is loaded a minimum of three times using the same |cad steps each
time to ensure that the observed response Is truly representative. Ouring

the calibration test, at the end of each locad step, the total deformation
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in terms of changes In gap widths is measured In each of the three axls
directions of the cubical cell. By subtracting the calculated response of
+he aluminum cube frcm the observed total deformations, the deformations of
+he cublcal cell are computed. For each stress level, s, at which

measurements are taken, a callbration array Is compiled In the form

s
dyx dxy dxz
dyx dyy dyz
dzx dzy dzz

where d,j denotes the deformations of the cubical cell In the [-direction

due to an appliled stress, s, In the J-dlrection.

During a test, the cubical cell deformations in any direction, j, are
computed by superposition of the terms de, djy,and d;z where r, s and t
represent the stress levels In the x, y, and z directions, respectively.
Because the response of the cubical cell |s nonlinear, superposition Is an
strictly valid. " Triaxlal tests on an aluminum specimen with known elastic
parameters, however, have shown thls method of computing cublcal cell
deformations to be reasonably accurate. Above approximately 10,000 psi,
the cubical cell response is |inear and the validlty of superposition is no
longer In questlon; thus, the accuracy of the corrected specimen
deformations is improved as the stresses approach the fallure state.

The cubical cell was calibrated immediately befcre proceeding with
this testing program and during this time, it was observed that the
response of the cubical cell at low pressures (below 1000 psi) varied with
successive loadings. The variation in the deformations witnin this stress

range Is attributed to movement of the probe target before It becomes

tirmly seated agalnst the specimen, and thus represents neither
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deformations of the specimen nor of the cublical cell, Because strain
calculations are made using the relative changes in gap width since the
start of the test, this Initial uncertainty as to the distance from the
proximitor probes to the face of the specimen would affect the calculated
response of the specimen durlng the entire test by presenting a false
starting point on the stress-strain curve and errant initial modull.

In order to eliminate these false initial gap width measurements, the
cublcal cell was completely recalibrated using the gap widths at 100 psi as
the reference point for subsequent deformation calﬁula+lons. [+ was felt
that 100 psl would be sufficient to seat the targets firmly against the
specimen and that the continued appllcation of at least 100 psi on a2l | axes
(regardless of test type) throughout a test would preclude target movements
which were independent of the movement and deformation of the specimen,
Furthermore, the deformations of a concrete specimen under a hydrostatic
stress of 100 psi are negligible In comparison to the total deformations
experlienced by the concrete during the rest of a test; thus the gap widths
as measured at 100 psi can be assumed to be equal to the gap widths which
would have been measured In a completely unloaded state.

1+ |s apparent In the stress-strain curves of Appendix B that most but
not all of the uncertainty has been eliminated. Some of the tests show a
virtual expansion of the specimen upon first loading. This results from
less cubical cell deformation than is allowed for In the calibration array
and can be eliminated, when necessary, by shifting the stress-straln curve
along the strain axis by the amount required to eliminate the anomaly. It
was felt that any attempts to further el iminate these discrepancies by
beginning the tests at a stress in excess of (00 psi would not be prudent.

Although +he resuits of triaxial tests should not be affected by the use of
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a nonzero stress to represent the unlicaded condition, the results of
blaxial tests might be suspect. Because the minimum pressure of 100 psi
must be maintained throughout the test, even on what shouid be the uniocaded
axis, a truly biaxial state of stress cannot be achieved. Because the 100
ps! reference state on the unloaded axis of a biaxial test is at most only
4 percent of the maximum deviator stress at fallure, It was assumed that

little effect would be noticed.

STRESS~STRAIN-STRENGTH BEHAVIOR

At the outset of this testing program, it was decided that the
specimens should be tested in such a manner that Inherent anisotropy may be
Ildentified. To this end, a method of labeling the specimens was devised
such that the concrete batch as well as the mold used and the crientation
of the specimen in the mold could be determined. The first batch of
concrete was cast in New Mexico prior fo receipt of the labeling
Instructions, hence Batch | specimens were eliminated from the testing
program.

Shortily after starting the testing program, some concern arcse as to
variations In the properties of the remalining three batches of concrete.
Because two TE 3750 tests had already been performed which showed a marked
dissimllarlty In stress-strain behavior between a specimen from Batch 3 and
a specimen from Batch 4, a series of TE 3750 tests was begun to investigate
the the possibility of a systematic difference. The series was to consist
of six tests using two specimens from each of Batches 2, 3, and 4, I+ soon
became apparent that a sys*ematic difference did exlst between those

specimens taken from Batch 3 and the specimens from Batches 2 and 4. One
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of the tests on a specimen from Batch 2 was unsuccessful due to an
equipment malfunction, however the very ciose agreement between tests cn
the two specimens from Batch 4 and the successful test cn one specimen from
Batch 2 was deemed sufficient to preclude a third test on a specimen from
Batch 2. A third test was perfcrmed, however, on another cube from Batch 3
to provide a better statistical average of the stress-strain behavior of
specimens from that batch.

Figures 10 and 11 show the results of the three tests on specimens
from Batch 3 and the three tests on specimens from Batches 2 and 4,
respectively. Although the tests on Batch 3 specimens exhibit considerably
more scatter than the tests on Batch 2 and 4 specimens, a comparison of the
average response of the two test groups, as shown In Figure 12, Indicates
the differences in behavior. The specimens from Batch 3 appear to have
lower modul!l and more ductility (defined here by the maximum dev!ator

strains near failure) than the specimens from Batches Z and 4, which have

" nearly ldentical responses. In addition, specimens from Batch 3

consistently failed at lower values of the maximum principal stress. In
Table 2 these differences are quantifled as the maximum deviater stress at
fallure and the maximum deviator stralins at cy = 5225 psi, gy = 03 = 800
psi, which is the stress state with the greatest deviator stess which all
six tests had in common prior to failure. From the averages of these few
tests, It appears that the specimens from Batch 3 have approximately 20
percent greater ductility (devliator strains at a given stress level) and 10

percent less strength than the remaining specimens.
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Table 2.

BATCH  SPECIMEN 1= % -5
(ps!) (mils/In)

2 C4 5175 1.464
4 D2 5175 1.450
4 A6 5100 1.270

Average 5150 1.395
3 BS 4650 1.767
3 B6 4200 1.688
3 c2 4875 1.648

Average 4575 1.701

* at oy = 5225 psi, oy = o3 = 800 psi,

Based on these findings, specimens from Batch 3 were alsc eliminated
from further consideration, |+ should be noted that three other specimens
from Batch 3 were used In tests prior to the decislion to eliminate that
batch. Now that sufflcient data has been accumulated on the test types
involved, It can be seen *that the Batch 3 specimens exhibited greater
ductitity and lower strengths during these tests as well. The tests
involved were a TC 3750, a TC 5000, and a TE 5000. The results of these
tests as well as the TE 3750 tests are Included In Appendices A and B.

With only two remaining batches from which to obtain test specimens,
the goals of the testing program were changed to require only two-fold
replication of each test type. Since no systematic dlfferences could be

detected between the properties of specimens from Batches 2 and 4, further
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testing was performed on cubes selected at random rather than using a cube
from each batch for the two-fold replicatfion. In order to compensate for
the change In the degree of replication, attempts were made to obtaln two
tests for each test type for which the results were as nearly ldentical as
possible. In the attempt, three tests were sometimes performed with the
result that two tests exhibit quite similar stress~strain behavior while a
third test exhibits behavior which is similar but not In as close
agreement. Given the statistical nature of concrete, those test types for
which three tests were perfomed can be considered to have the three-fold
replication which was orlginally required. Given the |Imlitations on the
number o¢ specimens avallable, however, some tests resulted in close enough
behavior agreement that a third test was unwarranted.

In order to Investigate the possibility of inherent anisotropy in the
specimens, a standard convention was established whereby the z-axls of the
cubical cell (the vertical axis) was always the major principal stress
axis., In this way, the orientation of the specimen in the cubical cell
would determine which axls of the specimen was loaded with the major
principal stress. In a similar manner, the x-axis of the cubical cell was
always the minor principal stress axis. With this method, any strain
anomal les which arose due to Inaccurate calibration of the equipment couid
be seen (for example, If the z-axls of the cell always resulted in the
largest strain regardless of cube orilentatlion) and any systematic
anisotropy in the specimens could be detected.

Because of the statistical nature of concrete, any quantification of
anisotropy must be viewed relati. e to the overall scatter of results.
Table 3 shows the variation in the tangent bulk modulus at a hydrostatic

stress of 3500 psi, which is the highest hydrostatic stress common to all
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of the triaxfal tests. By using the bulk modulus, which in effect averages
the strains, the variablility of properties frcm cube to cube can be
estimated. The standard deviation of the bulk modulus with respect to the
mean Is *#15.6 percent. Table 4 shows the greatest difference between any
principal strain € and the average strain € at the same hydrostatic stress
of 3500 psi for each of the tests. This quantity is expressed as a
percentage relative to the mean and can be equated to the greatest amount
of anisotropy exhibited by the specimen., The average degree of anisotropy
is 9 percent. From this it can be assumed *het no systematic anlsotropy
exists since the scatter of strain values within the individual cubes Is
far exceeded by the scatter of data among all of the cubes. The values
listed In Table 4 occurred on various axes of the cubes with no one axis
showing a predominance. Therefore these specimens can be considered to be
isotropic and the stress—strain behavior of different tests can be compared

without regard to specimen orientation,
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Table 3.
TEST “+ TEST "
(108 psi) (108 psi)
5A 1.538 8A 1.483
58 2.201 88 1.580
5C 2.355 8E 1.925
6A 1.840 9A 1.994
68 2.222

6C 1.890 9C 2.009
78 1.881 10A 1.519
7F 1.556 108 1.389
| 76 1.609 10C 1.721

Average: 1.807 x 108 psi

| Standard Deviation: 2+ 0.28% x 106 psi
(15.6% of mean)

*Tangent Bulk Modgulus at 9, ., = 3500 psi
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Table 4.
, (e=c)* (c=-c)*
_? TEST —= (%) TEST —= (%)
5A 9.39 8A 6.40
58 15.44 88 4.97
5C 18.34 8E 17.89
6A 6.48 9A 6.38 j
68 13.18
6C 10.26 9C 7.08 J
7B 13.18 10A 3.41
f 7F 6.00 108 4.00
§ 76 2.93 10C 6.05

Average: 8.9%
Standard Deviation: + 4.8%
(54% of mean)

*at Ooct = 3500 psi

TRIAXIAL TEST RESULTS

; Prior to the presentation of the fallure results, it Is Important +o

define the criterion used In this study. Because of the need to obtain

Intact cores from the failed specimens, the tests could not be contlinued to

the point at which ultimate strength was reached, i.e.,, the stress state at
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rocks and Newman (6) to describe the failure of concrete was appllied.

which physlical separation along a2 shear surface occurs. Instead, the

definltion of fallure used by Bieniawski (5) to describe brittle failure of




These Investigators describe the fallure mechanisms of brittie
materials (which Includes concrete) In three stages. The first stage
consists of a nearly |linear stress-straln response associated wlth very
small amounts of propogation of pre-exlisting bond cracks at the mortar-
aggregate Interface. The second stage, the beginnirg of which Is reflected
In a deviation of the stress-straln curve from |lnearlty, [s characterized
by an Increase In the number and length of the bond cracks which propogate
in a stable (stress-dependent) manner. Thls stage proceeds up to
abproxlmafely 80 percent of the ultimate load. The third stage begins when

the bond cracks become unstable, contlinulng to propogate without an

Increase In stress, and join together to form mortar cracks. The stress !
state at the start of this third stage, called the "discontinuity polnt" by
Newman, Is taken to be the fallure state. The reason for this is that the

unstable growth of cracks beginning at this stress level can conceivably

continue until enough cracks join that the specimen [s physically
separated; all! without a further increase In stress. As these cracks
propogate, separating more and more materlal, the specimen expands. This
expansion [s reflected In a reversal of the volumetric strain curve.
Therefore, the "discontinulty point" Is synonymous with the point at which
the volumetrlc curve changes dlirections. Because this reversal |s
general ly gradual, a more rigorous definition of the discontinuity point Is
the point at which the volumetric strain curve achieves an Instantaneous
vertical slope.
Since a stress=-strain curve s plotted In real time during a test, the
discontinuity point is fairly easlly Identlified and the test can be stopped N
In order to prevent further damage to the specimen. In order to ensure »

+hat this polint had actualiy been reached, the tests were actually taken
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one or two load steps (stress increments) further, I|f the volumetric
strain curve continued to show expansjon after these lcad steps, the test

was stopped.

The results of the triaxial test series (which can be found in their
entirety in Appendix B) are summarized In Figures 13a through 13f. The
solld lines In these flgures represent the average stress~straln response
for each test type up to the polnt of fallure. The shaded regions Indicate
the range of strains actually observed In the tests. |t Is evident that a
falrly high degree of reproducibliity was achieved for every test type.

Tables 5 and 6 summarize the stress states at fallure in terms of the
octahedral normal stress (whose value is Included In the path designation)
and two commonly used measures of shear stress - the deviator stress
(6y = o3) and the octahedral shear stress T,.;. This data is also
presented {n Figure 14a as fajlure envelcpes in the two octahedral planes
Investigated. Because the tests were performed using incremental loadlng,
the fallure stresses can only be defined to the nearest 100 psi in most
cases; thus the deviator stresses are accurate to within 2 percent of the
ocfahedraf’normal stress values.

I+ was mentioned earlier that the stress paths and octahedral planes
were chosen so as to coincide with a previous test program which included
cubical cell testing of a concrete with a uniaxial compressive strength
similar to that of the concrete used In this study. The results of
standard uniaxlial compression tests on 6 In. by 12 In. cylinders pericrmed
as part of the testing program undertaken by Gerstle, et al. Indicate a
strength of 4600 psi. From the results of unlaxial compression tests

performed at the University of New Mexico on cylinders cast from Batches 2




(All units are In psi.)

Table 5.

TEST PATH

%1 =93 oct

58 8400 3842
TC

5C 3750 8250 3889

Average 8325 3866

6A 7000 2858
SS

68 3750 7100 2899

6C 7200 2939

Average 7100 2899

78 5100 2404
TE

TF 3750 5175 2440

G 5175 2440

Average 5150 2428
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Table 6.

(All unlts are In psl.)

TEST PATH ag 1 - 03 T OC‘-'
8B 10200 4808
TC '
8E 5000 10350 4879
Average 10275 4844
9A 8800 3593
SS
5000
oC 9200 3756
Average 9000 3675
10A 6750 3182
TE
10C 5000 6975 3288
Average 6850 3235
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and 4, a unijaxlal strength of 5215 Is Indlcated. Figure 14b shows the
fallure envelopes in the 5000 ps! octahedral plane resulting from the
present study (identifled as AFWL) and the previous study. The octahedral
shear stresses at fallure for the concrete used by Gerstle, et al, appear
to be approximately 15 percent greater. Some of this difference !s due to
the siightly greater strength of the concrete, indlcated by the higher
unlaxial compression strengths, while a portion of the difference Is
undoubtedly the result of the slightly different definition of fallure used
in the previous study. Although Starovisky (3) recognlized the
discontinulity polnt as an Indlcation that fallure had occurred, the data
acquisltion system did not provide for real time plotting of the stress-
straln response when she was doing her testing. With no indication of the
straln behavior, she relfed on a sudden drop In pressure, which was most
likely due to a sudden Increase In stralin Iin one direction, to define
failure. Although the sudden Increase In strain Is usually accompanied by
a reversal In the volumetric strain curve, the results of many of her
tests, once plotted, showed that the dlscontinuity point had not yet been

reached. This could account for much of the remalning difference.

BIAXIAL TEST RESULTS

The results of the blaxlal test series, which can be found In
Appendices C and D, show much less reproducibiiity than those of the
triaxial tests. This Is most evident In the scatter of fallure stress
states shown In Figure 15. A large amount of scatter Is to be expected

because the fluid cushlons provide Iittle constraint, ailowing the specimen

to faii{ in a brittie manner. This brittie failure Is dependent cn random




weak areas within each specimen; when the weakest portion fails, the entire
specimen falls In the absence of any means of stress redlstribution.
Clearly, three-fold or even four-fold replication would have been
preferable In this biaxial test serles. Because the entlire supply of
specimens from Batches 2 and 4 had been exhausted, further testing, however
much warranted, was impossible.

For the unfaxial stress path (stress ratio of 0:3), oniy one
successful test was performed using cubes from Batches 2 and 4, Because
the supply of cubes had been exhausted, a specimen from Batch 3 was tested
In order to provide Indirect supportive data. Thils specimen falled at a
stress of approximately 4200 ps! as compared to the strength of 4550 psi
observed for the specimen from Batch 2 (Test 1A In Table 7). It was
previous!y mentioned that Batch 3 has roughly 10 percent less strength than
Batches 2 and 4. This strength difference seems to have been preserved In

these tests as well.




Table 7,
BATCH 2,4 BATCH 3
STRESS
RATIO TEST o1 TEST O1¢
NUMBER  (psi) NUMBER  (psi)
0:3 1A 4550 1C 4200
28 8400 2A 6900
2 2C 7500 20 6700
Average 7950 6800
3A 6900
2:3 38 9000
3C 9000
Aver age 8300
4A 6300
3:3 AE 7250
Average 6775




Another indication that the single fallure point cbtalned for uniax!al
locading !s reasonable comes from the previous study. Results of that study
indlcate that the uniaxlal strength of concrete as measured in the cubical

cel! is approximately 90 percent cf the strength as measured using 6 in, by

12 In. cylinders In a conventional testing machine. The strength of 4550
psi measured In the cubical cell is nearly 90 percent of the cylinder
strength mentioned previously. This evidence suggests that a fair amount

of confldence can be placed In this data point.

Similar supportive data from Batch 3 specimens has been provided for
the blaxial tests with a stress ratio of 1:3. Table 7 shows that the
average strength of the specimens from Batch 3, expressed as the major
principal stress at fajlure, Is 15 percent less than the strength of
specimens from Batches 2 and 4. This would suggest that the strength of
8400 ps! measured in Test 2B is a reasonable upper |imit to the actual
strength value,

The two equi-biaxial tests (stress ratio of 3:3) performed show
similar stress-strain behavicr despite the 1000 psi difference In
strengths. |t must be noted that Test 4A was never completed due to the
rupture of one of the fluid cushions. An extrapolation of the volumetric
strain curve would indicate a vertical siope within one or two more |oad
steps. Therefore, the maximum principal stress at the point at which the
test was stopped is taken to be the failure stress, although it is more
|tkely that the actual failure stress is a few hundred psi greater.

The average of the biaxial test results Is shown in Figure 15a as the
solld curve above the equi-biaxial |ine. Because of the large amount cf

scatter of the few data points availabie, which are Indicated by the open
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circles below the equi-biaxial line , this curve should be |oocked upon mcre
as Just a mathematical average than a representation of the average
properties of the concrete. For convenience, however, this average curve
has been reproduced in Figure 15b along with the results from the previous
testing program. The higher ratlos of biaxial strengths to uniaxlal
strength In the present study are due, iIn part, to the higher concrete
strength and different failure criterion mentioned previously.

Because of the I|Iimited amount of data, It Is impossible to determine
what effect the 100 psi reference stresses had on the strength results.
Research Is presently underway, however, which will duplicate the blaxial
tests performed in the previous study using an identical concrete mix.
These tests will be performed with the 100 psi reference state, thus
allowing a determination of its effects. An addendum to this report will

be provided once the research is completed.

RESIDUAL TENSILE STRENGTH STUDY
TEST PROCEDURES

The original goal of this portion of the testing program was to obtain
an NX-slze core along the intermediate principal stress axis and to
subdivide this core into four 1=Inch thick disks. When actual coring was
begun, however, [+ was found that Insufficient [ntact material existed at
the points of entry and exit of the corlng bit to allow use of the entire
4=inch length of the core. As the core was cut Into disks using a masonry
saw which had a kerf of slightliy more than 1/8 Inch, further reduction in
the amount of usable length of the core occurred. In order that the disks

would have as great of a cross-sectional area as possible while still
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providing a measure of redundancy In the testing program, it was declided
that three disks would be taken from each core rather than four. Each of
these disks would have a one-Inch thickness as was originally proposed.
Two of the disks from each core were tested immediately and the third was
held In reserve. Once all of the disks had been tested, +ho§e held In
reserve were used to flll any gaps In the data resulting from clearly
erroneous results (such as a compressive mode of fajlure In a dlsk) and to
provide another data point in those Instances where the response was not
wel l-defined by only two data polnts.

Another problem came to |ight during the coring operation Invelving
the quality of the core geometry. Because of the heterogeneity of the
concrete, the coring bit would tend to wander, first In one direction and
then in another, depending on the direction which offered the least
resistance to cutting. |If there were a number of pleces of hard aggregate
on one side of the bit but only mortar on the opposing side, the bit would
move toward the mortar. The result of the bit taking this "path of least
resistance" was a core with Irreguiar sides. Any attempt to perform a
tensilte spltitting test on these disks would result In point loads belng
applied only at the highest polnts on the clrcumference.

I+ has been estimated (7) that the actual loaded area In the tensile
splitting test Is approximately 3/16 inch wide for this size core. To
elIminate the Irregularities along the sides of the disks, a 1/4 Inch wide
flat was ground on each side of the disk as shown In Figure 16a. This was
the narrowest flat which would eliminate all of the Irregularities. The
work was performed on a mllling machine to ensure that the flats would be
exact|y perpendicular to the desired loading axis. With these flats on the

disks, the testing procedure recommended by the International Soclety of
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Rock Mechanics (8) could no {onger be used. Instead, the tests would be
performed per ASTM C-296 which specifies that the load be applled through
an inch-wide strip of wood or masonite which extends over the length of the
disk. It was anticipated that any anomalles In the stress fleld resulting
from the shape of the loading area would disappear a short distance [nto
the disk, according to St. Venant's princliple, leaving a predominantly
tensile stress fleld across most of the remaining diameter.

Preliminary testing of these modified disks Indicated, by the mode of
fallure of the disks, that a compressive stress regime existed in the
loaded disks. The mode of fallure observed Is Illustrated in Figure 16b.
Because some of the dlisks had already been provided with flats, any further
modifications to provide tensile splitting had to Incorporate the flats,
1+ was declided that a |ine load would be applied at the center of the flats
(and thus exactly In the plane of spITtting) by means of a length of 1/8~
inch square aluminum key stock. Figure 16c illustrates this method of
loading and the resulting faliure surface in the disks, which Indicates
that a tensile splitting failure mode had Indeed been established.

Because of this unconventional method of testing, the results of this
portion of the testing program cannot be compared to tensilie spiitting
tests performed at the University of New Mexlico on cast concrete cyllnders.
I+ Is possible, however, to compare the results of these tests to each
other as all disks were ground and |oaded Identically using the same key
stock and the same rate of loading. In addition, tensile splitting tests
on disks taken from previously unloaded specimens were provided as a firm
basis for comparison of the tenslle sp|it+ting strength results.

in order to keep track of the orlentation of the tensile failure

surfaces with respect to the previous load histories of the specimens, a
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notation conventlion has been established wgsih s based on an arbitrary but

tixed orlentation of the specimen In physical space. The coordinate axes

used to describe physical space are shown in Figure 17a along with the
Carteslan coordinate system from which I's was adapted. This coordinate
system adheres to the right=-hand rule of Carteslan coordinates with x, y
and z replaced by 1, 2 and 3, respectively, Prior to the beginning of a
testing program, the specimens are assigned an orlentation in physical
space. In thls program, for example, the vertical axis of the cubes while
stit! In the molds was designated the 1-axis. The long axis of the moids

was chosen to deflne the 3-axis, and the direction perpendicular to the

long axis of the molds in the horizontal plane was designated the 2-axis.
This is shown in Figure 17c¢c.

The orientation of the measured tensile splitting strength s denoted
within this coordinate framework by fij (i,J =1,2,3), the residual tensile
strength In the j=direction of a specimen originally subjected to a major
principal stress in the i=direction. If the principal stresses are applied
In directions which adhere to a right-hand rule, describing the axis of the
specimen on which the major principal stress acts automatically reveals the i
axes of the specimen on which the intermediate and minor principal sfresses
act. .

The advantage of this convention lies in its abllity to describe the
direction In which tenslle strength Is measured relative to not only the
directions In which stresses were appl!ed during a previous load history

but also relative to any directions of [nherent anisotropy. A difference

between f,3 and t34 would be relevant [f, for example, the specimens were

inherently stronger In the 1=direction,
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Because the specimens In this study exhiblt negligible anisotropy, and
because the specimens were always cored In the directlion of the
intermediate principal stress, no attempt will be made to distingulish
between ;3 and t3, or t{; and t33. Instead, for simplicity, the tensile
strength in the direction of the previcusly 2pplied major principal stress
will be denoted by t;; and the tensile strength in the direction of the

previously applied minor principal stress will be denoted flj‘

RESIDUAL TENSILE STRENGTH STUDY
TENSILE SPLITTING TEST RESULTS
As a control measure, tenslile splitting tests were performed on nine
-disks cut from three specimens which had not been subjected to previous

loads. The results of these nine tests, which had an average strength of

433 psi, are given In Table 9, |In order to give a qualitative meaning to
the tenslle splitting test results, all splitting strengths are normalized
wlth respect to this average control strength. These normalized strengths,
*li/fc and f,J/fc, can be viewed as measures c¢f the percentage of strength
remaining In a specimen after loading. Conversely, the quantity (1 - ?/fc)
expresses the relative amount of degradatlion resulting from the loading.
Table 10 ilsts all of the splitting test results from specimens which had
been locaded triaxially, The results are also expressed In this table as
the ratio of the tensite splitting strength in the direction of the major
principal stress to the spliitting strength in the direction of the minor
principal stress, fil/*ij' This strength ratio is, in effect, a measure of
the amount of stress-induced anisctropy.

Because the failure states for any one triaxial test type are almost

identlcal, I+ would be expected that the splitting test results within any
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one test type would also be similar, The resuits In Table 10, however,
show consliderable scatter. Thls |lerge amount of scatter can also be seen
In the splitting strengths of the control disks. The primary reason for
this is the small size of the disks. Because the thickness of the disks Is
only 2 or 3 times the maximum aggregate slize, the percentage of the cross-
sectlonal area occupled by aggregate can vary widely. The amount of
aggregate the fallure surface must pass through Is a controlling factor In
the tensile splitting strength of the disk because the tensile strength of
the aggregate particles far exceeds the tensile strength of the mortar.
Examination of the failure surfaces after the disks had been split+ showed
that In almost every disk the aggregate-mortar bonds were stil| intact; the
failure surface did, Indeed, pass through the aggregate.

Because of this variability and the small number of specimens
avallabie for testing, any reiationships to be established must necessarily

be general.

Table 9.

Tensile Splitting Strengths of Control Disks

DISK STRENGTH DISK STRENGTH DISK STRENGTH

1a 298 2a 350 3a 529
b 436 b 360 b 468
c 412 c 513 c 534
avg. 382 avg. 408 avg. 510

Mean Strength = 433 psi

Stnd., Dev. = 80 psi (18.5% of the mean)
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Table 10.

TEST TEST

TYPE  NUMBER th/te ti/te t/ty
Te SA% 0.67 0.62 1.08
3750 58 0.64 0.60 1.07
5C 0.48 0.55 0.87
Average 0.59 1.01
s 6A 0.82 0.80, 0.96 1.03, 0.85
3750 6B 0.94 0.79, 0.71 1,33, 1.19
6C 0.86 0.88, 0.69 1.26, 0.98
Average 0.8t 1.1
TA* 0.73 0.90, 0.68 1.08, 0.82
78 0.88, 0.86 0.81 1.07, 1.09
TE 7C* 1.12, 0.89 0.96 0.93, 1.17
3750
70% 0.78 0.73 1.07
7F 1.23, 0.74 0.76 0.98, 1.59
76 0.76 0.76 0.99
Average 0.85 1.08
10 8A% 0.52, 0.61 0.57 1.07, 0.92
5000 8B NA NA NA
8E 0.89 0.91 0.97
Average 0.70 0.99
ss 9A 0.82 0.92, 1.09 0.76, 0.90
5000 9C 0.82 0.74, 0.58 1.43, 1,12
Average 0.83 1.05
TE 10A NA 0.58 NA
5000 10B* NA NA NA
10C 1.17, 1.02 0.81 1.25, 1.44
Average 0.90 1.35

* Specimens from Batch 5
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Examining the average values of t/t. listed In Table 10 without
differentiating between t;, and *lj' It appears that for a glven test type,
+the residual tenslie strength Increases (and conversely, the amount of
degradation decreases) as the hydrostatic stress leve! reached prior to
deviating In the octahedral plane increases. One possible explanation for
this Is that the octahedral shear stress at failure, when normallzed with
respect to the octahedral normal stress, Is lower for tests In the 5000 psi
octahedral plane than in the 3750 psi octahedral plane. Table 11 lists the
average splitting strength results for each friaxial test performed along
with the ratlo of 14,4 to Oy 3t failure. By plotting the average
residua’ renslle strength +/t. as a function of the ratio To 34/ Opeys 35
shown in Figure 18, a falrly good correlation is established which shows a
regular decrease In the residual tenslle strength (and conversely an
increase In the amount of degradation) with Increasing relative shear
stress. The open clrcles in this figure represent test results from Batch
2 and 4 specimens and the solid circles indicate the results from tests
performed on Batch 3 specimens. The .inear relation indicated in the
figure, which was found by a linear regression analysis of the data points
pertalining to Batches 2 and 4, is meant only to show that a decreasing
trend exists. The actual functlional relation would most Iikely not be
| Inear because the residual tensile strength cannot exceed 1.0 (+ = tele
Scematically the reiation might be as shown in Figure 19 with the functlion
asymptotically approaching f/fc = 1.0, Further fr{axlal testing In higher

octahedral planes would be needed tfo determine the actual relation.
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Table 11, '
TEST  TEST  <oos
] TYPE  NUMBER  Gocy /4, talte  tifte tnltyg A
§ SA%  0.98 0.65 0.67 0.62 1.08
350 5B 1.06 0.62 0.64 0.60 1.07
5¢ 1.04 0.52 0.48 0.55 0.87
6A 0.75 0.86 0.82 0.88 0.94
7% 68 0.79 0.81 0.94 0.75 1.26
6C 0.78 0.81 0.86 0.79 1.12
TAY  0.64 0.77 0.73 0.79 0.95 4
78 0.64 0.85 0.87 0.81 1.08
TE 7C*  0.58 0.99 1.01 0.96 1.05
3750 |
0% 0.53 0.76 0.78 0.73 1.07 i
7F 0.68 0.91 0.99 0.76 1.29 |
76 0.68 0.76 0.76 0.76 0.99
8A*  0.88 0.57 0.57 0.57 1.00
5000 g8 0.98 NA NA NA NA
8E 0.98 0.90 0.89 0.91 0.97
9A 0.73 0.94 0.82 1.01 0.83
000 o 0.75 0.71 0.82 0.66 1.28
10A 0.61 NA NA 0.58 NA
5000 108+ 0.64 NA NA NA NA
10C 0.66 1.00 1.10 0.81 1.35
* Specimens from Batch 3.
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I+ is interesting to note that the data points corresponding to Batch
3 specimens generally fall below those of Batch 2 and 4 specimens. The
splitting strengths of the Batch 3 disks were normalized with respect to
the average splitting strengths of the control! dlisks, all of which were
cored from Batch 2 and 4 specimens, Therefore, this data would also
suggest that Batch 3 had less strength than Batches 2 and 4,

Figures 202 and 20b show the Individual relations *ti; vs. Tyct/Tgct
and *ij vSe Toct / Ogcte The slightly different slopes of the trend lines
suggest that the resldual tensile strength in one direction Is affected
more than in the other, which is equivalent to saying that stress-Induced
anisotropy does exlIst and may vary with the relative amount of shearing
produced by the previous load history, The amount of stress-Induced
anlsotropy (expressed as the ratio *ii/*ij) is plotted against t,c¢/0gct IN
Figure 21. The low value of the correlation coeffliclent suggests that
either no correlation exists between stress-Induced anisotropy and previcus
shear stress history or that there |[s Insufficient data available to
clearly establish a ftfrend. If the indicated trend does have some
signiflicance, however siight, [t appears, quite surprisingly, that the
amount of stress-induced anisotropy actual ly decreases as the amount of
previous shearing Increases. This phenomenon can be better explained by
examining the variation In the tensile strength ratio between the dIfferent
test types.

Figure 22 shows the individual test results and averages of *ii/*ij
for the different test types. There is a regular progression in the amount
of anisotropy from the trlaxial compression test through the simple shear
to the triaxial extension test. It Is possible to explain these changes

from one test type to another in terms of the mechanics involved In each
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test. In the triaxial compression test, one of the specimen axes Is loaded
and the other two are relleved once the octahedral plane is reached. Thus,
energy is being applied in one direction and dissipated In +wo directions
as the specimen expands agalnst the decreasing forces. Equate thls with
the specimen having two "degrees of freedom”". In the trliaxial extenslon
test, two axes are loaded and only one is relieved. Let this represent one
"degree of freedom". |t would be suspected that a greater amount of
expansion would have to occur on the one unlocaded axis of a ftrlaxial
extension test than would be necessary on each of the two unioaded axes of
3 triaxial compression test. This Is, of course, obvious from the rates of
expansion shown by the stress-straln curves of the dlfferent tests. As the
specimen expands, cracks propagate within planes which are perpendicular to
the direction of expansion. The greater the amount of expansion, the more
the cracks propagate, and the more these cracks propagate, the less intact
materlal remains to support a tensile stress. Thus, the greater amount of
crack propagation associated with lower "degrees of freedom" can be
equated with lower tensile strengths In the direction of the unloaded axes.
The result of this would be that the amount of anlsotropy exhibited by
specimens subjected to triaxial extension loading would exceed that
exhiblited by specimens subjected to triaxial compression histories.
Because the simple shear test includes one axis which Is neither |ocaded nor
unlocaded, the amount of anlsotropy should be halfway between those of the
other two tests. These are exactly the results shown In Figure 22. Thus
I+ would appear that the energy distribution (force x displacement) rather
than Just the force distribution may be what produces stress-induced

anisotropy.
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The tensile splitting test results from specimens tested biaxially are
given In Table 12. WIth such a small number of data points, the results
could not be analyzed using regression analysis. Instead, bar cherts are
shown in Figures 23 and 24 which Indicate the average results of each test
type. For the 1:3 stress ratio tests, the Batch 3 results are Included and
Indicated by an asterisk. Thelr average Is shown by the dashed horizontal
line while the solid horizontal 1ine shows the average from Batch 2 and 4
specimens.

In Figure 23 there Is no apparent trend relating residual strength to
stress ratlo. |t does appear, however, that the residual strength of +he
biaxially-locaded specimens Is consistently above 90 percent of the contrci
disk strengths, a level achieved by only three of the triaxlially-Joaded
specimens. This greater residual strength may relate to the lower stress
levels achleved in blaxial testing.

Figure 24 also shows no apparent trends. [t is interesting to note,
however, that the tenslle strength ratio of the one uniaxla! test Indicates
that more damage was done in the direction of the major princlpal stress
than was done in the minor principal stress direction. This test has the
highest degree of freedom, as defined before, of the biaxial tests and, in
fact, the unlaxial test represents exactly two degrees of freedom, as did
the triaxlal compression test., The tensile strength ratio of the TC test
also indicated that slightly more damage had been done in the major
princlpal stress direction. The remalning biaxlal stress ratios show
tenslle strength ratios above unity (If the one very low value is
dlscarded) but there is no regular increase In the tensile strength ratto

from test to test,
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Table 12
TEST  STRESS t o/t tr/t e
NUMBER  RATIO e 1J"e Het
1A 0:3 0.90, 0.79 1.06 0.85, 0.75
2A* 0.79 © 0.8 0.91
2B 1.03 0.88, 1.09  1.17, 0.94
1:3
2¢ 1.23, 0.76 0.82 1.50, 0.93
20% 0.95 1.17, 0.77  0.81, 1.23
3A 1.2 1.23 1.02
38 2:3 0.65 0.64 1.02
3¢ 0.68 1.32 0.52
4E 1.35 1.27 1.06

* Specimens from Batch 3.
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CONCLUSION

It Is feit that sufficlent reproducibility of friaxial stress-strain-
strength behavior has been achieved to allow materlal characterization
based on the results of these tests. Unfortunately the blaxlal test serles
did not Include enough successful tests that as high of a level of
confldence can be had In Its results. Comparisons between the results of
this test program and those of the previous program may be made, however
the differences In concrete strengths and the slightly different fallure
criterion must be kept in mind.

The results of the tensile splitting test serles have shown that 1 oad
historlies do affect the residual tensile strength of a specimen and the
amount of stress-induced anisofropy, indicating future research along these
lines Is warranted. Specificaily, research utilizing a greater number of
specimens is needed to more completely Investigate the trends suggested
here. The effects.of the "degrees of freedom" of a test on the relative
amount of stress-induced anisotropy can be better studied using more
triaxjal stress paths to fill in the gaps between those paths used In this
program, Further biaxial testing with more stress ratios would also be
helpful since the concept of energy dlstribution based on "degrees of
freedom” also extends to biaxlal tests. Simllarly, additiona!l trlaxlal
testing at higher octahedral stress values would more ciearly establish the
relationship between the amount of octahedral shear stress relative to the
level of octahedral normal stress and the amount of residual tensile

strength. Triaxial testing at lower octahedral normal stress levels would
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also ald In this Investigatlion, however fallure states cannot yet be
achieved In lower octahedral planes because the failure envelope extends
beyond the compression~compression-compression octant of stress space. A
multiaxial testing ceil with tenslon capabli!ities Is being developed at the

present time which couid ald In such a study.
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Figure 3. Orientation of tensile splitting test disks cored from cubical cell specimenrs.
Disk A - Tensile splitting in the direction of previously applied major principal stress.
Nisk B - Tensile splitting in the direction of previously applied minor principal stress.
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Figure 6. Photograph of (in order of insertion into pressure vessel)

brass probe target (far left), protective leather pad, protective

polyurethane pad, and fluid cushion membrane. (Bottom half of photo

shows components as viewed from within the cubical cell, upper
half shows components as viewed from the inside face of the walls)
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Figure 9.

Cubical cell concrete specimen ready for testing.

(Note circular patches on each face)
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Figure 16. (a) Modification of tensile splitting test afsk soecimen;
(b) Compressive failure mode of modified disk: (¢) Use of steel bars
to ensure a line load in the plane of splizting.
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Figure 18. Residual tensile strength as a function of the normalized shedr stress at failure. .
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APPENDIX A.
STRESS-STRAIN DATA FOR TRIAXIAL TESTS

This appendix contains the stress-strain data for each successful triaxial
test. The data sheets are arranged in order of test number beginning with Test
SA. The axes which head the columns are the axes of the cubical cell. Stresses
are given in psi and strains are given in mils/in. 1 mil/in = 0.1% strain =

1073 in/in.
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APPENDIX B.
STRESS-STRAIN CURVES FOR TRIAXIAL TESTS

This appendix contains the stress-strain curves generated during each

successful triaxial test. The ordinate values are mils/in. of strain and the

values on the abscissa are the maximum principal stress in ksi. The numbers

1, 2 and 3 marked on the curves represent the principal strains and the curve

marked "V" is the volumetric strain curve.
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APPENDIX C.

STRESS- "TRAIN DATA FOR BIAXIAL TESTS

This appendix contains the stress-strain data for each successful biaxial
tasts. The data sheets are arranged in order of test number. The axes which
head the columns are the axes of the cubical cell. Stresses are given in psi

and strains are given in mils/in. 1 mil/in. = 0.1% strain = 1073 in/in. i
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APPENDIX D.
STRESS-STRAIN CURVES FOR BIAXIAL TESTS

This appendix contains the stress-strain curves generated during each
successful biaxial test. The ordinate values are mils/in. of strain and the
values on the abscissa are the maximum principal stress in ksi. The numbers
1, 2 and 3 marked on the curves represent the principal strains and the curve

marked "V" is the volumetric strain curve.
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APPENDIX C

PLAIN CORCRETE PRISM TESTING

DR. G. KRISENAMOORTEY

SUBMITTED BY
SAN DIEGO STATE UNIVERSITY
SAN DIEGO, CALIFORNIA
T0
NEW MEXICO ENGINEERING RESEARCH INSTITUTE
UNIVERSITY OF NEW MEXICO
ALBUQUERQUE, NEW MEXICO

Preserited to: Dr. Golden E. Lane

June 8, 1981

Note: This appendix is a self-contained document, provided for the
reader's information, with its own figures, tables, and appendixes.
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| flote:

The San Diego State work consisted of testing twenty-four 152- by 305-mm
plain concrete cylinders under displacement contrdl. The testing was con-
ducted in a modified Riehle testing machine with a 1.33-MN capacity. This
machine can accommodate up to 3-m specimens. The Riehle machine has a 300K

MTS Toad cell and electronic instrumentation for imposing a specified rate of
deformation and for automatic data logging, including a facility for X-Y
recording along with digital readout for direct monitoring of tests.

The concrete cylinders were tested by imposing a deformation rate of {
0.51 mm/min. Four linear variable-differential transformers (LVDT) were
mounted in a circle around the specimen, 90 deg apart, to measure the deforma-
tions. The signals from the diametrically opposite LVDT's were combined and
averaged to eliminate rotation of the loading platten. Signals from the MTS
load cell were obtained to measure the load. These signals were fed into l
signal conditioners and amplifiers to obtain the load-deformation plots. To
obtain the initial slopes of the plots accurately, extremely sensitive
Hewlett-Packard X-Y recorders were used.

204




BATCH NO.} SPECIMEN TYPE OF STRENGTH {INITIAL MODULUS
NO. LOADING PS1 '  (p/n°
1 2 MONOTONIC 5036 2.92
3 - 4902 2.68
a - 4775 3.08
5 " 5185 2,82
6 . 4746 2.80
MEAN 4929 2.86
ST, DEV, 184 0.15
2 1l MONOTONIC 4909 2.52
2 " 5482 2.66
3 " 5199 2.66
4 CYcLIC 5256 2.62
5 " 5227 2.64
6 " 5341 2.72
MEAN 5236 2.64
ST. DEV. 190 .07
3 1 MONOTONIC 5447 2.58
2 CYCLIC 5567 2.64
3 " 5220 2,90
4 MONCTONIC 5624 2.80
5 " 5022 2.42
6 cYcLIc 5227 2.66
MEAN 5351 2,67
ST. DEV, 233 0.17
4 1l MONOTONIC 4782 2.60
2 " 5160 2.66
3 CYCLIC 5447 3.50
4 " 4761 3.42
5 MONOTONIC 4952 3.66
6 cYcLIC 5079 3.14
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